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Abstract 

Realization of the inverted hierarchy is studied in the radiative neutrino mass model with 
an inert doublet, in which neutrino masses and dark matter could be induced from a 
common particle. We show that the sufficient baryon number asymmetry is generated 
through resonant leptogenesis even for the case with rather mild degeneracy among TeV 
scale right-handed neutrinos. We also discuss the relation between the baryon number 
asymmetry and low energy experiments for the DM direct search, the neutrinoless double 
/3 decay and so on. 
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1 Introduction 



The existence of small neutrino masses and dark matter (DM) [2] gives us important 
clues to consider physics beyond the standard model (SM). It is interesting that recent 
various works clarify a certain type of models can relate them closely. Such typical 
examples are neutrino models in which neutrino masses are radiatively generated at TeV 
regions. There, this characteristic feature is caused by a symmetry which forbids the 
generation of the Dirac neutrino masses at tree-level and guarantees the stability of new 
neutral particles, simultaneously. A stable particle among them can be DM. Since both the 
relic abundance of DM and the neutrino oscillation data severely constrain the relevant 
model parameters in general, the viability of such scenarios is expected to be checked 
through near future experiments at TeV or lower energy regions. 

A concrete model can be constructed on the basis of the radiative seesaw mechanism 
proposed in [3j. It is a very simple extension of the SM by an inert doublet scalar and 
three right-handed neutrinos only. A symmetry is introduced in the model such that 
the SM contents have its even parity and the new particles have its odd parity. Then, it 
can forbid the generation of neutrino masses at tree-level and also guarantees the stability 
of the lightest odd particle which could be DM. In this model, we can consider various 
possible scenarios depending on the spectrum of new particles which determines a DM 
candidate [iElE]!^ 

If the lightest right-handed neutrino is identified with the DM, its neutrino Yukawa 
couplings are generally required to take large values. In such a case, both the lepton flavor 
violating processes and the relic abundance of DM can easily contradict each other [4]. 
In order to evade this problem, we need to assume special flavor structure or introduce 
some new interaction at TeV regions In the thermal leptogenesis due to the decay 
of the right-handed neutrinos |H1 E] , the washout of the generated lepton asymmetry is 
too effective to yield the required baryon number asymmetry in this case . We need to 
consider non-thermal leptogenesis [in| or resonant leptogenesis [TT] . 

On the other hand, if the lightest neutral component of the inert doublet scalar is 
identified with DM, this problem can be escapedjj Since the scalar quartic couplings 
effectively cause their (co) annihilation, the neutrino Yukawa couplings could be irrelevant 



■^Supersymmetric extension has also been considered in [7]. 
"'The inert doublet DM has been studied in a lot of papers [12] 
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to the DM relic abundance [I3]. Thus, the lepton flavor violating processes do not impose 
substantial constraints on the model in this case. Thus, if we consider the leptogenesis 
there, the washout of the generated lepton number asymmetry can be suppressed by 
making the neutrino Yukawa couplings small enough. The model has been shown to 
explain the DM abundance and the baryon number asymmetry in a consistent way with 
the neutrino oscillation data assuming the normal hierarchy in [14J. Although the resonant 
effect is indispensable to enhance the CP asymmetry sufficiently, the degeneracy required 
for the right-handed neutrino masses is found to be rather mild there. 

In this paper we extend the study in [Mj to the inverted neutrino mass hierarchy. 
We examine whether all the neutrino oscillation data and the baryon number asymmetry 
can be consistently explained in such a framework. We also discuss how the generation 
mechanism of the baryon number asymmetry in this model could be related to near future 
experiments for the direct DM search and also the neutrinoless double /3 decay. 

The following parts are organized as follows. In section 2 we briefly introduce the model 
and discuss the realization of the inverted neutrino mass hierarchy. We also address the 
necessary conditions to consider the thermal leptogenesis in this model. In section 3 we 
give the result of the numerical analysis of the baryon number asymmetry. Taking account 
of this result, the relation between the baryon number asymmetry and the phenomena at 
the low energy region such as the DM scattering with nucleus and the neutrinoless double 
(3 decay is discussed. The conclusion of the paper is given in section 4. 

2 Inverted mass hierarchy in a radiative neutrino 
mass model 

We consider a simple extension of the standard model (SM) which is proposed for the 
neutrino mass generation at one-loop level [3]. In this model, only three right-handed 
neutrinos Ni and an inert doublet scalar r] are added to the SM as new ingredients. 
Although both Ni and t] are supposed to have odd parity of an assumed Z2 symmetry, 
all SM contents are assigned its even parity. Z2 invariant Yukawa couplings and scalar 
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potential related to these new fields are summarized as 

+ A4(r7V)(0^^)+ [Y(0^^)' + h-c. 

where is a left-handed lepton doublet and is an ordinary Higgs doublet. Yukawa 
couplings are written by using the basis, under which both matrices of the right-handed 
neutrino masses and the Yukawa couplings of charged leptons are real and diagonal. 
Since the new doublet scalar rj is assumed to have no vacuum expectation value, the Z2 
symmetry is remained as the exact symmetry. It forbids the neutrinos to have Yukawa 
interactions with the ordinary Higgs scalar (p. As a result, neutrino masses are not gen- 
erated at tree-level as found from eq. ([T]). The lightest field with odd parity of this Z2 
symmetry is stable and then its thermal relics behave as DM in the Universe. If the 
lightest neutral component of 77 is identified with DM, it is found that its (co) annihilation 
caused by the scalar quartic couplings A3,4 can determine its relic abundance [l3l[Tl]. In 
this case, since the DM abundance gives no constraint on the neutrino Yukawa couplings, 
the model can be easily consistent with other phenomenological constraints such as the 
ones caused by the lepton flavor violating processes. We follow this scenario in this paper. 

Neutrino masses are generated through one-loop diagrams with the contribution of 
the Z2 odd particles. They can be expressed as 

3 

M^^p = Kkhpk^k- (2) 

k=l 

Scales for the neutrino masses are considered to be fixed by A^, which is defined as 

A ^^W' < Til In^^'^ m 



where = + (A3 + A4)(0)^|^ This shows that neutrino Yukawa couplings could have 
rather large values even for the light right-handed neutrinos with the mass of 0(1) TeV 
as long as IA5I takes a small value. 

Now we consider the realization of the inverted hierarchy in this mass formula. For 
this purpose, we may start the study from the neutrino mass matrix which brings the 



Six^Mk M2 - Ml \ M2 - Ml M2 



^We note that the A5 contribution in this formula for is neglected, since A5 is assumed to be 
sufficiently small. 
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tri-bimaximal mixing. Since the recent experiments suggest nonzero ^13 [15], it can be 
just an approximation for the reahstic mixing. However, we use it as a convenient starting 
point of the study and introduce suitable modifications to it so as to reahze a favorable 
value for 6*13. Taking this strategy, we assume that the neutrino Yukawa couplings have 
the following flavor structure 



hei — —2hfj_i — 2hri — 2/ii; he2 



V2 



-hr2 = h2] he3 = 0, h^3 = hr3 = hj,. (4) 



This flavor structure for the neutrino Yukawa couplings induces a following simple form 
for the neutrino mass matrix: 

f A -2 2 \ ( I /000\ 

hlK^. (5) 



-2 1 -1 

V 2 -1 1 y 



1 1 

Vo 1 1/ 



1 1 -1 
V-i -1 1 / 

As easily found, this matrix can be diagonalized as J/Jmns-^'^^pmns = diag(mi, m2, m^) 
by using the tri-bimaximal PMNS matrix 



PMNS 



-111 
\/G V2 











(6) 



VtS 73 73/ V 1/ 
The mass eigenvalues are expressed as 

mi = 6|/i^Ai|, m2 = 3|/i2A2|, m^, = 2\h\ls.3\ 

Majorana phases ai^2 are determined by the phases ipi = arg(/ij) as 



(7) 



tti = V^i - V^a, 



02 = v?2 - V'a- 



where (0) is assumed to be real and positive. 

Here we impose the neutrino oscillation data on the model. They are well-known to 
be explained by the two types of mass hierarchy which are called the normal hierarchy 
and the inverted hierarchy. In the present model, these possibilities are realized in the 
following way. In the former case, the mass eigenvalues should satisfy 



2 2 A 2 



(9) 



where Aml^^ and Am^^j stand for squared mass differences required by the neutrino 
oscillation analysis for both atmospheric and solar neutrinos [H [161 [HI- This case has 



been investigated from various phenomenological points of view [U El El [Tl]. Through 
these study, it is shown that all the neutrino masses, mixing and the DM abundance are 
successfully explained. However, the generation of the baryon number asymmetry due to 
thermal leptogenesis is difficult unless the resonance effect is taken into account. On the 
other hand, in the latter case, the mass eigenvalues should satisfy 

ml-ml = Aml^^, m\-m\ = Aml^^ (10) 

Although this case is expected to have interesting features different from those of the 
normal hierarchy, it seems not to have been studied well in this model still now. We focus 
our attention on this case in the remaining part. 

Before considering the concrete realization of the inverted hierarchy, we first address 
necessary conditions imposed for the successful thermal leptogenesis through the decay of 
the lightest right-handed neutrino in this framework. Since the lightest neutral component 
of ?7 which has the mass in the 0(1) TeV region is known to satisfy the required DM relic 
abundance as long as the quartic couplings A3,4 have the sufficient magnitude [I3l [Tl], 
we assume that < Mi 2,3 is satisfied. In this case, the present direct searches of DM 
[T8l IT9] impose the constraint on A5 such as [20] 



' ' (0)2 ~ ■ \1 TeV J V150 keV^ 

where 5 expresses the mass difference between the real and imaginary parts rj'^j of the 
neutral component of rj. The above bound for IA5I appears since the inelastic scattering 
between rj^j and a nucleus through exchange contributes to the direct search ex- 
periments. We find that this bound affects the neutrino Yukawa couplings through the 
neutrino oscillation data if we remind the present neutrino mass generation mechanism 
represented by eqs. ([2]) and ([3]). 

On the other hand, since successful thermal leptogenesis requires that the decay of the 
lightest right-handed neutrino Ni should occur in the out-of thermal equilibrium. This 
imposes the condition such that H > T^. has to be satisfied at T ^ Mj, where H and F^. 
are the Hubble parameter and the decay width of N^, respectively. From this condition, 
we find that the Yukawa coupling of Ni should be small enough as 

l^.l<O(10-)(^)'^ (12) 
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Here we note that small \hi\ guarantees that Ni is irrelevant to the determination of the 
neutrino masses and the mixing angles. If we apply this condition to eqs. ([7]) and f lTU]) . 
we find that the lightest right-handed neutrino should be in the present model. This 
means {h^l < 0(10^^) and M3 < Mi_2. Since the resonant leptogenesis is considered to 
be crucial for the generation of the sufficient baryon number asymmetry, we can suppose 
two scenarios defined by the following spectrum of the right-handed neutrinos: 

(i) M3 < Ml < M2, (ii) Ms < M2 < Ml, (13) 

where the first inequality corresponds to the degenerate masses in each caseO 

The degenerate masses of the right-handed neutrinos could be obtained without the 
disturbing the fiavor structure of £y in eq. (II]) if their mass terms take the form as follows, 

'^M = Y (^3^3 + N^N^) + ^N,N^ + Y^NsN^ + h.c, (14) 

where Aj is defined as Aj = ^ — 1 and Aj ^ 1 is assumed. Here, it is useful to note 
that this structure for the right-handed neutrino masses could be realized by supposing 
the model with the 5th dimension. If we assume that the right-handed neutrinos localize 
around the different 5th dimensional points and other fields are distributed throughout 
the 5th dimensional direction, the neutrino sector in the effective 4-dimensional model 
obtained after integrating out the 5th coordinate can have the feature described by Cy 
and Cm- The small mixing mass between and Ni is explained by the small overlapping 
of their wave function in the direction of the 5th dimension. In the case described by 
eq. ( IT4l) . the mass eigenstates in the mixed sector can be identified with N3 and Ni as a 
good accuracy and their mass eigenvalues are M3 = M(l — ^) and Mj = M(l + If 
we take i = 1 and j = 2, for example, the case (i) is realized. 

Now we fix the framework to realize the inverted hierarchy which can explain the 
neutrino oscillation data. Recent experiments show that the mixing angle 613 is not zero 
but has a rather large value |15]. In order to make the explanation of these data possible, 
the fiavor structure (jl]) has to be changed. Although there are a lot of way to introduce 
the modification for it, we take a simple scheme such that eq. (jl]) is deformed by new real 

^It is possible to consider the situation such that three right-handed neutrinos are all degenerate. 
However, we do not consider this case here since the result can be estimated by using the results of the 
two cases. 
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Fig. 1 Allowed region in the (91, 92) plane by the neutrino oscillation data. Left and right panels 
correspond to the cases (i) and (ii) shown in Table 1, respectively. Each contour in both panels represents 
neutrino oscillation parameters Am§2 (thick red lines), jAm^jl (thin red lines), sin^ 2^23 (green lines), 
sin^ 26*12 (blue lines), and sin^ 2^13 (black lines) for the 2(t values given in [17]. For each parameters, the 
upper and lower bounds are expressed by the dashed and solid lines, respectively. 



free parameters pi^2 and qi^2 as 



hei/pi = -2h^i = 2hri/qi = 2hi] he2/p2 = h^2 = -hr2/q2 = h2 



(15) 



Since the smallness of {h^l guarantees that is irrelevant to the neutrino masses and 
mixing, the neutrino mass matrix can be written as 



/ Apj -2pi 2qipi ^ 

-2pi 1 -qi 
\ 2qipi -qi ql J 



hlAi + 



P2 

V -P2q2 



P2 
1 

-q2 



-P2q2 



-q2 
ql 



hlA2. 



(16) 



We numerically diagonalize this matrix to find the mass eigenvalues and the mixing 
angles. The model parameters are determined by comparing these results with the neu- 
trino oscillation data. In Fig. 1, we plot contours in the (gi, ^2) plane for 2a values of 
neutrino oscillation parameters given in |17] . In each panel of this figure, a part of param- 
eters is commonly fixed as = 1 TeV, M3 = 2 TeV and IA5I = 10~^ and the values used 
for other parameters Mi^2, |^i,2| and pi^2 are shown in Table 1. In this figure, we find that 
the allowed regions are displayed as four sectors on the small circle drawn by the thin red 
lines, which are sandwiched by the blue dashed and solid lines. Values of {qi,q2) shown 
in Table 1 are contained in these regions and the predicted value of sin^ 26*13 is also given 
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Ml M2 10^1 /ill 10^|/i2| 


(Pl,P2) 


(gi,?2) 


sin^ 2^13 


mee(eV) 


(i) 2 8 6.035 8.535 


(1.11,0.96) 


(0.690,1.592) 


0.11 


0.0197-0.0494 


(ii) 8 2 5.339 7.550 


(1.583,0.62) 


(0.552,1.653) 


0.10 


0.0182-0.0496 



Table 1 Typical parameters used in this analysis. Other parameters are fixed as I/13 



3 X 10- 



I A. 



10-"*, M3 = 2 TeV, and M„ = 1 TeV. 



there. This figure shows that the mass matrix derived from the fiavor structure (fTS!) can 
explain all the neutrino oscillation data consistently as long as the relevant parameters 
are fixed suitably. 

As shown in these analysis, small neutrino Yukawa couplings |/ii,2| of O(10~^) can 
explain the neutrino oscillation data even for the TeV scale values of Mi 2 and M^ as long 
as we assume the values of 0(10^^) for IA5I. Although low energy phenomena such as 
lepton fiavor violating processes such as /i — )■ 67 and the anomalous magnetic momentum 
of a muon are induced through one-loop diagrams with Z2 odd particles in the internal 
lines [21], these contributions could be largely suppressed due to these small neutrino 
Yukawa couplings. In fact, for the parameters used here, we find that these quantities are 
negligibly small compared with the present experimental bounds as follows, 

3q; 



Br(/i — 67) 



Br(r — )■ /i7) 



647r(G'^M2)2 
3q; 

647r(Gi.M2)2 



,9 I Mi\ ( M2 

fMl\ /M2 



= 0(10-^^-24) 
0(10-24—2=^^ 



6a,, 



m. 



(47r)2M2 



hlF2 



Ml 
M~„ 



+ hlF2 



M2 

M„ 



O(10-i«) 



(17) 



where -^2(2;) = (1 — Qx^ + Sx"^ + 2x^ — 6^^ In x2)/6(l — x^)'^. The present bounds for these 
lepton fiavor violating processes [22] do not impose any constraints on the model. Since 
the contribution of the new particles to the muon g — 2 is insufficient to account for the 
experimental value which deviates from the SM prediction [23j, some additional extension 
of the model is required for that explanation. If we make IA5I smaller, these values become 
larger due to the larger neutrino Yukawa couplings. However, as long as the value of IA5I 
is constrained by the DM direct search condition eq.l fTTj) . these processes can never be 
the targets of future experiments to examine the model unfortunately. 

Finally, we estimate the effective mass for the neutrinoless double /3 decay in this 
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model. Its formula is given by 

3 



4=1 



■m, 



+ f/^^) ^/A^ - Ul, J Ami, 



1/2 



(1^ 



If we use the parameters obtained through the previous analysis, we can estimate the 
value of rriee, which is shown in the last column of Table 1. These values are obtained by 
changing the Majorana phases in the possible range. As usually expected in the inverted 
hierarchy case, we find that these values are contained in the region which could be 
observed in the next generation experiments. It should be noted that the value of niee 
does not change even if we change the value of IA5I as long as the flavor structure (JT5l) is 
kept. This is quite different from the lepton flavor violating processes discussed above. 



3 Resonant leptogenesis 

We consider the thermal leptogenesis due to the out-of-equilibrium decay of the right- 
handed neutrino . In the previous part, we have considered two possible patterns 
for the masses of the right-handed neutrinos, which are shown in eq. (fT3|) . Through this 
analysis, it has been shown that the model can explain all the neutrino oscillation data 
in the suitable parameter regions, which are shown in Fig. 1 and Table 1. Although 
the mass of seems to be too small to realize the sufficient CP asymmetry associated 
with this decay process for the generation of the required baryon number asymmetry, it 
could be enhanced by the resonance effect as known in the ordinary resonant leptogenesis 
|24j . The dominant contribution to the CP asymmetry is expected to be caused by the 
interference between the tree diagram and the one-loop self-energy diagrams as usual. 
The CP asymmetry e in the decay is expressed as [23] 

where T^, = E„ - g)^. 

The dominant part of e in each case shown in Table 1 is obtained by substituting i = 1 
for (i) and i = 2 for (ii). Thus, if we use the flavor structure of neutrino Yukawa couplings 
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assumed in eq. ( fTSll . the CP asymmetry e in each case can be expressed as 



1 + 2Air 



2(4p2 + 1 + g2) ^ f 



sin2(v93 - Lfi] 



sm2(v93 - v?2), (20) 



2(p2 + l+g2)4^2 + f^^ 

where Aj = |^ — 1 and Fat^ = Tj^j./Mi. These formulas show that the CP asymmetry 
e could have large values for the case with Aj = 0(TnJ as long as both qi^2 7^ 1 and 
sin2((y93 — (y9i 2) 7^ are satisfied. As easily found, the CP phases appeared in eq. f l20|) 
have no relation with the CP phase which controls the value of rriee in eq. f|T8|) . 

On the other hand, the washout of the generated lepton number asymmetry could 
be brought by both the lepton number violating 2-2 scattering such as rjr] — > iai/s and 
rjHa — Tjii^ and also the inverse decay of A^,. However, if the relevant Yukawa couplings 
are small enough, these processes could be nearly freezed out before the temperature of 
the thermal plasma decreases to T ^ M3. Thus, the washout of the generated lepton 
number asymmetry is expected to be suppressed sufficiently. In order to examine this 
quantitatively, we numerically solve the coupled Boltzmann equations for the number 
density of A'"3 and the lepton number asymmetry. We introduce these number densities in 
the CO- moving volume as Yn^ = -y- and Yl = by using the entropy density s. The 

Boltzmann equations for these are written as 

dY]\i^ z f Yfq^ 



dz sH{M^) \Y'^ 



dz sH{M,) \ \Y^l ) Yr 4 



E# +7j?^+7r)|, (21) 



where z = ^ and H{M'i) = 1.66(7*^^^. The equilibrium values for these are expressed 
as Y^^{z) = ^^^z'^K2{z) and Y^"^ = where K2{z) is the modified Bessel function 
of the second kind. In these equations we omit several processes whose contributions 
are considered to be negligible compared with others. We should note that the inverse 
decay to 2 induced by the Yukawa couplings /ii 2 could cause a large contribution to 
the washout of the lepton number asymmetry since Mj ^ M3 is satisfied for i = 1 in case 
(i) and for z = 2 in case (ii)lll In the Appendix, we present the relevant reaction density 
7 contained in these equations. 



''In the analysis of the resonant leptogenesis in [H], the inverse decay has not been taken into account. 
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Fig. 2 The upper left and right panels show the evolution of the lepton number asymmetry \Yl\ and 
the iVa number density \Yn^ \ for the cases (i) and (ii) given in Table 1 with = 10^^. The lower panels 
show the ratio of the reaction rate of the lepton number violating processes to the Hubble parameter in 
each corresponding case. 



The baryon number asymmetry Yb{= "''""'' ) is transformed from the generated lepton 
number asymmetry through the sphaleron process. It is estimated by using the solution 
of the coupled equations in eq. ( |2T]) as 



Yb = -—Yl{zew) 



(22) 



where we use B = ^{B — L) which is also satisfied in this model. The parameter z-^sn is 
related to the sphaleron decoupling temperature Tew through zew = and zew — 20 
in the present case. The solutions of the Boltzmann equations are given in the upper 
panels of Fig. 2 for each case given in Table 1 with Aj = 10~^. In this estimation, the CP 
phase ^z~^i,2 in eq. ( 120|) is chosen to make e a maximum value. From this figure, we find 
that the case (ii) gives a consistent solution with the required lepton number asymmetry 



As the result, the required mass degeneracy for the right-handed neutrinos is underestimated by one 
order of magnitude there. In that case, however, it is still milder than the usual case. 
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for the assumed right-handed neutrino mass degeneracy. On the other hand, in the case 
(i) the generated baryon number asymmetry does not reach the required value by a small 
amount. Here we note that the value of e is one order of magnitude larger in the case (ii) 
than that in the case (i). If we use these solutions, we find that the model induces the 
baryon number asymmetry in each case as 

(i) Yb = 2.4 X 10"", (ii) Yb = 1.6 x 10"^°. (23) 

If the CP phase takes a suitable value in the present parameter setting, the desirable value 
of Yb can be obtained in the case (ii) even for milder degeneracy among the right-handed 
neutrinos compared with the ordinary resonant leptogenesis [21]. 

It is useful to see the behavior of the lepton number violating reaction rate in this 
analysis. The thermally averaged reaction rate is related to the reaction density through 

N3 Ni,2 (2,13) 

pA^s _ Td_ pA^i,2 _ Id p(2,i3) _ In (r)A\ 

D — eq ^ ID ~ „cq ; >- N " eq 5 l^^J 

"-Ns "-E "'£ 

for the decay of A^3 and the inverse decay of given in eq. f l26|) . and for the 2-2 
scattering processes given in eqs. ( l29l) and ( l30l) . respectively. The ratio of the thermally 
averaged reaction rate to the Hubble parameter is plotted as a function of z in the 
lower panels in Fig. 2. These panels suggest that the lepton number violating processes 
show the almost same behavior in both cases. We find from these panels that the lepton 
number violating processes decouple at z ^ 20 and then the washout of the generated 
lepton number asymmetry is suppressed sufficiently after this period in both case. The 
main reason to cause the small difference in the generated lepton number asymmetry in 
both cases is considered to come from the difference in the value of the CP asymmetry 
e, which shows the difference of one order of magnitude between these cases. 

We note that both the neutrino mass eigenvalues and the PMNS matrix does not 
change in this model as long as the value of |/ii2'^5| is kept to a suitable value. If we use 
this feature, we can vary the magnitude of the neutrino Yukawa couplings consistently 
with all the neutrino oscillation data by changing the value of IA5I. In Fig. 3, we show the 
required mass degeneracy A2 between the right-handed neutrinos to generate the sufficient 
baryon number asymmetry for several IA5I values in the case (ii). The figure shows that 
the sufficient baryon number asymmetry could be generated for A2 < O(10~^'^) for IA5I 
in the region fixed by eq. ( ITTj) . Although larger IA5I makes I/12I smaller and then results 
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Fig. 3 The required degeneracy for the right-handed neutrinos to generate the sufficient baryon number 
asymmetry. We use the parameters in the case (ii) in this analysis. 

in the smaller CP asymmetry, the washout due to the lepton number violating processes 
also become smaller. In much larger IA5I region, the former suppression exceeds the 
latter effect. On the other hand, the smaller IA5I makes |/i2| larger to enhance both the 
CP asymmetry and the washout of the generated lepton number asymmetry. In much 
smaller IA5I region, the latter enhancement exceeds the former effect. This explains the 
behavior of Yb shown in this figure. The sufficient baryon number asymmetry could be 
generated only for a restricted region of | A5 1 . It is also clear from eq. (120|) that the smaller 
Yb is obtained for the smaller A2 at the region of IA5I < 10^^ where e is expected to be 
proportional to A2/r7V2- The similar behavior is obtained also in the case (i), although 
the severer mass degeneracy Ai is required to generate the sufficient baryon number 
asymmetry. 

The required mass degeneracy Aj is much milder compared with the resonant lep- 
togenesis in the ordinary seesaw scenario at the TeV scale. It is useful to remind that 
A = 0(10^^" is required to generate the sufficient baryon number asymmetry there. 
This interesting feature is brought by the neutrino mass generation mechanism in this 
model. Although the model is the simple extension of the SM, it can explain three crucial 
problems in the SM, that is, the small masses and large mixing of neutrinos, the DM 
abundance and the baryon number asymmetry in the Universe. The required tuning of 
the parameters seems not to be so unnatural. 

Finally, we comment on the relation between the model and the low energy phenom- 
ena, in particular, the DM scattering with a nucleus and the neutrinoless double /3 decay. 



14 



They are considered as the promising targets in the next generation experiments. Eq. ( ITTj) 
suggests that the inert doublet DM might be detected in the direct search experiments 
through the inelastic scattering with a nucleus if IA5I is small enough within this bound. 
If the value of IA5I is confined to the definite region through the DM search, we could 
have useful information on the order of degeneracy among the right-handed neutrinos by 
requiring the production of the observed baryon number asymmetry as discussed above. 
This might allow us more detailed study of the model by combining analysis of the neu- 
trino oscillation data and the baryon number asymmetry. On the other hand, although 
the effective mass for the neutrinoless double beta decay is related to A5 through the com- 
bination |A5/i^2l which controls the neutrino mass eigenvalues, it is not directly related 
to IA5I itself as found from eq. (fT8|) . As a result, even if we use the IA5I value restricted 
by the DM direct search, the effective mass rriee is not expected to be determined in more 
precise wayl^ In this sense, the direct DM search seems to be a promising experiment to 
examine the model other than the search of the charged scalars in the LHC 

4 Conclusion 

We have constructed a concrete example for the realization of the inverted hierarchy of 
the neutrino masses in the radiative neutrino mass model at TeV scales. The model is an 
interesting and simple extension of the SM by adding an additional doublet scalar and 
three right-handed neutrinos only. In this example, we have examined the possibility for 
the simultaneous explanation of the neutrino oscillation data, the DM abundance and the 
baryon number asymmetry in the Universe. The results show that it is possible as long 
as the DM is identified with the lightest neutral component of the inert doublet scalar 
and the resonant leptogenesis is assumed. 

In the resonant leptogenesis the degeneracy required for the right-handed neutrinos 
is milder by a few order of magnitude than the one known in the ordinary resonant 
leptogenesis at TeV scales. This feature is brought as a result of the present neutrino mass 
generation scheme. The neutrinoless double /3 decay is expected to be observed through 
the next generation experiments also in this model. The most promising experiment to 
examine the model may be the DM direct search. It is closely related to a key parameter 
^We should also note that the CP phases appeared in eqs. ([T51) and (PH)) have no direct relation. 
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As of the model, which is also connected with both the neutrino mass generation and the 
production of the baryon number asymmetry. Thus, if the DM direct search could find 
some candidate, the model might be studied in more definite way based on it. 
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Appendix 



We summarize the formulas of the reaction density used in the Bohzmann equations [25] 
for the number density of N^, and the lepton number asymmetry^ In order to give the 
expression for the reaction density of the relevant processes, we introduce dimensionless 
variables 



X 



Ml 



Ml 

Mr 



(25) 



where s is the squared center of mass energy. The reaction density for the decay of Nj 
can be expressed as 



7^ = ^M3%V%(l 



where Ki{z) is the modified Bessel function of the second kind. 
The reaction density for the scattering process is expressed as 

T 



(26) 



7(a6 ij] 



647r4 



ds cr{s)\^Ki 



T 



(27) 



where Smin = max[(ma + m^)^, (m^ + rrij)^] and cr{s) is the reduced cross section. In order 
to give the concrete expression for the reaction density relevant to eq. ( 12T1) . we define the 
following quantities for convenience: 



X — a,- 



Di{x) {x-ai^ + afci' 
Xij = [x - {y/a~+ ^/aj)^] [ 



In 



X — tti — aj -{- 2a^ + 



X 




1 _ S 

a,; 



L', = In 



'\/x(x — di 



2a^) + ^/Xij{x - 4a^) 



2a^) - ^/\^jix - Aa-r,) 



{2i 



As the lepton number violating scattering processes induced through the Ni exchange, 



^ These formulas are the same as the ones given in the Appendix of pj] except that they are arranged 
so as to be apphcable to the mass spectrum assumed in this paper. Typos and errors are corrected. 
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we have 



X) — 



1 {x — a^)^ 



27r 



x^ 



EC""')?.? 



1=1 



X \xai — a'^ ' Di{x) ' 2Di{xy 



+ 



+ 



X 



(x - arj) 



1 + 



X + Ui — 2ar 



DAx) 



In 



i>j 



X \Di{x) ' Dj{x) ' Di{x)Dj{x) 



+ 



+ 



+ 
+ 



X 



{x - a^)2 



2[x + tti — 2a^) X + tti 



2a„\ , x(x + Gi — 2a„) 
m — — 



xai 



{x - ar,y 
for iaf]^ ijsrj and also 



2{x + ttj — 2a^) X + ttj — 2a,j^ ^ x{x + — 2a,j) 



a,- — a,- 



Di{x) 



xttA — at 



1 

2^ 



+ 



i=i 



X + 2ai — 2ar, 



In 



ttiX + (oi — a,,)^ 

X + (a;^ - AxttrtY^^ + 2ai - 2a,, 
Axar,y/'^ + 2ai - 2a,, 



+ J]Re[(/i/i^) 



^ QiiClj 



X 



+ 



2a; + 3ai + a,- 



X + + a,- 



2 On 



{ 



4a 



^In 



Oj — Oj 



X + (a;^ — 4a;a,,)^/^ + 2ai — 2a,, 
X — (a;^ — 4xa,,)-^/^ + 2aj — 2a,j 



2x + + Zaj — 4a,, ^ /a; + (a;^ — 4a;a,,)^/^ + 2aj — 2a,, 
ai — aj \x — {x'^ — 'ixttr^y/'^ + 2a j — 2a,, 



(29) 



(30) 



for £a^i3 — 7> rir]. The cross terms has no contribution if the CP phases are assumed to satisfy 
I sin2(y9i^2 — V^s)! = 1- We adopt this possibihty in the numerical analysis, for simplicity. 
Since another type of the lepton number violating process NiNj — >■ £ai/3 induced by the 
r) exchange could be suppressed for a small IA5I, we can neglect them safely for the value 
of IA5I used in this analysis. 

As the lepton number conserving scattering processes which contribute to determine 
the number density of N^, we have 



^if^^Ni (x) 



1 

47r 



+ 



{hh%{hh% 
Qi + Qj — 2a,, 



X 



1 + 



(aj - a,,) {ttj 



X 



- Re[{hh^)l 



2 1 2^ QiiCijLij 
X — Qi — Qj + 2a„ 



(31) 
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for NiNj — )■ ia^p which are induced through the rj exchange and also 



;i(3) 



cr 



{x) 



1 {x-Aa^Y'^ 



X 



1/2 



X 



+ 



{ar, — ai){ar, — aj)x + {ai — aj^a^J ( 



+ 



X 



1/2 



[X 



- 2Re[{hh^) 



^ QjiQjj (^Cli ~\~ Qjj ^Qj'q) Lj^j 

x{x — a-i — aj — 2an) 



(32) 



for NiNj — )■ 7777^ which are induced through the exchange. The cross terms in these 
reduced cross sections can be neglected if the same assumption is made for the CP phases 
as eqs. (|29|) and (|30|). 
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